The macrocrustacean community of brackish polder waters in Flanders was investigated based on a twenty year survey comprising 430 biological samples taken at 218 different locations. A clear shift in the gammarid community could be observed. After its introduction, the alien Gammarus tigrinus, originating from North America, reached high abundances and became widely spread in the polder waters within a few years. Simultaneously, a decrease in the prevalence of the indigenous brackish water gammarids G. duebeni and G. zaddachi occurred. However, at the same time a decrease in the salinity of the polder waters also was observed. Uni-and multivariate data analysis revealed a clear difference in the environmental preferences of G. tigrinus, G. duebeni, and G. zaddachi. The alien species preferred lower salinities, lower orthophosphate concentrations, and a higher oxygen concentration compared to the two indigenous species. Besides the decrease in prevalence of the native gammarids, a decrease was also observed in prevalence of two other indigenous brackish water crustaceans: Palaemonetes varians and Neomysis integer. It appears that the decrease in salinity is the most important factor causing the decline of the indigenous gammarids and not the introduction of the alien G. tigrinus.
INTRODUCTION
Several reports indicated that serious faunal changes have been taking place in aquatic habitats during recent decades (Devin et al., 2005; Kelly et al., 2006; Packalén, 2008) . Natural changes in species distributions occur slowly and depend on the ability to cross natural barriers such as mountains and oceans (Jazdzewski et al., 2004) . Increasing human activity has accelerated the alteration of the aquatic ecosystems through habitat destruction, pollution and interconnection of waterways and consequently facilitated the introduction of alien species (Jazdzewski, 1980; Bij de Vaate et al., 2002) . Although alien species can cause major shifts in community composition, there is no consensus about the factors that explain their success in brackish water ecosystems. According to Wolff (1999) , the macroinvertebrate diversity in brackish waters is usually low and the many empty niches that are present can be colonised by alien species. The low species diversity is well illustrated by the classical curve of Remane (1958) , where the lowest species richness falls in the salinity range from 5 to 10 psu and most species living within this range are typically mixohaline. However, Ricciardi and MacIsaac (2000) and Jazdzewski et al. (2004) suggest that species diversity is not an important factor to resilience against species introductions, but that aquatic invasions are mediated more by dispersal opportunity and the favourability of the abiotic habitat conditions. Nehring (2006) pointed out that low indigenous species richness in aquatic communities might facilitate invasions, but that the frequency and intensity of introductions are critical components in the invasion process. Although according to Williamson (1996) all communities are susceptible to invasion, it is expected that they are not equally so. Biodiversity, species composition, energy flow, physical-chemical habitat, and climate conditions are considered major controllers of population and ecosystem dynamics. We often lack a good understanding of these dynamics and the inter-relationships of native and alien biota. It is known that changes in abundance of native and alien biota occur as a result of displacement and competition (Devin et al., 2005; van Riel et al., 2007) . In addition, changes in physical-chemical conditions and habitat deterioration could ease the introduction and establishment of alien species (Den Hartog et al., 1992; Didham et al., 2005) .
Amphipods of the superfamily Gammaroidea are widespread and often play an important functional role in fresh and brackish water ecosystems (Jazdzewski, 1980) . In many aquatic communities, gammarids are the dominant macroinvertebrates in terms of both biomass and density (MacNeil et al., 1997) . Consequently, in these environments, they contribute significantly to the energy flow by decomposing organic material and serving as food for other organisms such as fish (Grabowski et al., 2007) . Numerous species belonging to Gammaroidea are considered successful invaders (van der Velde et al., 2000; Grabowski et al., 2007) . Several life history traits such as a short generation time, early sexual maturity, high fecundity, and a high tolerance towards changes in salinity and stress in general are put forward as important traits contributing to their JOURNAL OF CRUSTACEAN BIOLOGY, 31(2): 270-277, 2011 success (Grabowski et al., 2007) . Another factor promoting the successful invasion of the alien gammarids may be predation and competition (Kelly et al., 2006) . Gammarids used to be classified as shredders or collectors, but MacNeil et al. (1997) and Mayer et al. (2008) showed that a wider food base is exploited than was previously thought. Furthermore, cannibalism and inter-and intraguild predation seem to be common and important factors contributing to species exclusions and replacements (Polis et al., 1989; Dick et al., 1993) .
Several authors indicated that the success of an alien species cannot be attributed to one particular factor, but rather to a combination of biotic and abiotic conditions of the recipient habitat (Sakai et al., 2001; MacNeil et al., 2004) . Variability in conditions such as water quality and complexity of the habitat influences the outcome of the competition for a niche, depending on differences in the species' tolerance to these conditions (MacNeil et al., 2004) . Studies that focus on changing biological factors such as food supply, competition and predation and changing physical-chemical factors such as nutrients, salinity and water quality in relation to the occurrence of a species may explain community shifts. These studies of change in community structure and function are important for the understanding and the management of ecosystems. Moreover, a good insight into the ecology and behavior of alien species can help to decrease their further spread.
Based on literature, it is known that the original gammarid composition of the brackish polder waters consisted in Flanders of two indigenous species: Gammarus duebeni Lilljeborg, 1852 and Gammarus zaddachi Sexton, 1912 . At the beginning of the nineties, Gammarus tigrinus Sexton, 1939 invaded Belgian waters (Messiaen et al., 2010) . Since this species is known to be a successful invader (Daunys and Zettler, 2006; Packalén et al., 2006) , the species was supposed to have an impact on the local gammarid community. Therefore, the aim of the present study was to investigate whether changes in the prevalence of gammarid species has occurred during the last twenty years in brackish polder waters in Flanders.
MATERIALS AND METHODS

Study Area
Polders are a low-lying land, enclosed by embankments known as dikes that form artificial hydrological entities. The polders, which refer to a geographical area, consist in Flanders (Belgium) of the coastal polders, which are mainly situated behind the dunes and continue about 15 km inland and the polders that flank the river Scheldt (Fig. 1) . The polders comprise the hinterland of the Belgian coast and continue in the north of East Flanders up to northwest of Antwerp. The soil of the polder area consists mainly of clay. Water enters the low-lying polders due to water pressure of groundwater, rain fall, and transportation of water by streams. This usually means that the polder has an excess of water that needs to be pumped out or drained by opening sluices at low tide. Three different water types can be distinguished in brackish polders based on salinity: oligohaline (0.5-5 psu), mesohaline (5-20 psu), and polyhaline (20-30 psu) water.
Data Collection and Analysis
Data from 1989-2008 were obtained from the Flemish Environment Agency (VMM), which monitors the physical-chemical and biological quality of surface waters since 1989 on a regular basis. Not every location was sampled each year. Samples from 218 different locations situated within these polders and distributed over several types of running and stagnant waters were investigated ( Fig. 1 ). Only those years containing more than 10 samples were included for analysis of changes in prevalence of macroinvertebrates. From those samples containing Gammaridae, all crustaceans were identified to species level. In total, 430 biological samples containing gammarids were investigated. Since physical-chemical parameters were measured more frequently, a total of 15,000 physicalchemical samples were available for sites that contained gammarid species. Measured parameters are listed in Table 1 , but not every parameter was measured for each water sample. At least four standard parameters: pH, temperature, conductivity, and dissolved oxygen were recorded in the field when the biological samples were taken; these samples were taken with a standard hand-net or by means of artificial substrates if it was not possible to perform the kick-sampling method . The hand-net consists of a metal frame of approximately 0.2 m by 0.3 m to which a conical net is attached with a mesh size of 500 mm. With the hand-net, a stretch of approximately 10-20 m was sampled during 3 minutes for watercourses less than 2 m wide or 5 minutes for larger rivers. Sampling effort was proportionally distributed over all accessible aquatic habitats. In addition to the hand-net sampling, macro-invertebrates were manually picked from stones, leaves, or branches along the same stretch . The biotic index, expressed as the Belgian Biotic Index, was calculated according to the De Pauw and Vanhooren (1983) . The abundance equals the number of individuals caught in one sample. The prevalence was calculated as the number of presences in a year divided by the number of sampled stations.
All statistical analyses were performed using Statistica 7.0 (Statsoft Inc., 2004) . Non-parametric tests were carried out, since these are generally Fig. 1 . Map of Flanders with indication of the different eco-regions: dune area (oblique stripes), polder area (white), sandy region (dots), campine region (cross-stripes) loamy region (dots in triangle) and the different sampling locations (black dots) situated in the polders. (Conover, 1980) . Gammarid species was the independent variable, whereas the different abiotic factors were the dependent variables. Besides the basic statistics, multivariate data analysis was performed using CANOCO for Windows 4.5 (ter Braak and Š milauer, 2002) to determine which environmental parameters might be responsible for differences in species composition. Direct gradient analysis was done, since environmental variables were explicitly incorporated in the analysis.
To test whether a linear or unimodal method was needed, a Detrended Correspondence Analysis (DCA) was performed. If the Length of Gradient (LoG) . 4, a unimodal method is needed, whereas if the LoG , 2.5 a linear method is designated. In our case, a Canonical Correspondence Analysis (CCA) was used since the LoG 5 4.4. Averages were used for missing data and a log-transformation was performed prior to CCA to normalize the data.
RESULTS
Chemical and Biological Water Quality
In total, 18 different biological and chemical parameters were analysed (Table 1 ). The following variables were strongly correlated: Biochemical Oxygen Demand (BOD) with Chemical Oxygen Demand (COD) (R 5 0.74, P 5 0.03), Conductivity (EC) with salinity (chloride) (R 5 0.84, P 5 0.01), total phosphorous (Ptot) with orthophosphate (oPO 4 ) (R 5 0.81, P 5 0.02) and dissolved O 2 (dissolved oxygen) with oxygen saturation (R 5 0.98, P 5 0.001). Therefore, only one of both parameters was used to assess the difference in habitat preference of the macro-crustaceans. The yearly average salinity decreased since the beginning of the measurements (Fig. 2 ). There was a significant decrease in ammonium (P 5 0.001), BOD (P 5 0.03), orthophosphate (P 5 0.02) and nitrite (P 5 0.01) (Fig. 2) . On the other hand, no significant alterations were observed for nitrate and dissolved oxygen between 1990 and 2008 (Fig. 2) .
Macro-Crustacea
In total, 23 different species of macro-Crustacea were found, four of which belonged to Gammaridae (Table 2) . Two indigenous gammarids, G. duebeni and G. zaddachi, and one alien gammarid, G. tigrinus were common in the polder waters. A fourth species, Dikerogammarus villosus (Sowinsky, 1894), was found only at two locations in brackish waters situated near the River Scheldt and was therefore not included in the further analysis of the gammarid prevelances. The alien species G. tigrinus occurred in waters with significantly lower salinities (P 5 0.01), lower orthophosphate concentrations (P 5 0.007) and higher oxygen concentrations (P 5 0.001) compared to the two indigenous species G. duebeni and G. zaddachi. Gammarus zaddachi occurred in waters with significantly lower values of the Belgian Biotic Index compared to both other species (P 5 0.005). Minimum and maximum values for salinity indicated that G. tigrinus was able to withstand lower salinities compared to the indigenous gammarids and even higher salinities than G. duebeni (Table 2) . Gammarus tigrinus showed a wide tolerance towards low and high levels of orthophosphate concentration and dissolved oxygen ( Table 2 ). The prevalence of the indigenous brackish water gammarid species (G. duebeni and G. zaddachi) decreased since the end of the nineties (Fig. 3A) . At the beginning of the nineties, G. tigrinus was absent from all samples, whereas in 1999, the species was already present in most of the samples and widely distributed in the polders. Also a decrease in prevalence of the indigenous brackish water species Palaemonetes varians (Leach, 1814) and Neomysis integer (Leach, 1814) was observed since the beginning of the nineties, whereas the prevalence of freshwater isopods belonging to Asellidae, Asellus aquaticus (Linnaeus, 1758), Proasellus meridianus (Racovitza, 1919) , and Proasellus coxalis (Dollfus, 1892) , increased since 1992 (Fig. 3B) .
In a bi-plot of the species and the environmental variables, the first and the second axis had an Eigenvalue of 0.629 and 0.469, respectively. The first and second axis explained 81% and 59% of the variance in species composition, respectively. Conductivity, pH and the biotic index explained most of the variance in the species composition of Crustacea found in the polders, while nitrate, nitrite and ammonium were less important (Fig. 4) . There was a clear separation along the first axis based on the chemical parameters between the species that are exclusively found in brackish water and those the that have a wide tolerance towards salinity and are commonly found in freshwater habitats.
DISCUSSION
Gammarus tigrinus, originating in North America, was recorded for the first time in eastern part of Flanders in 1991 (Messiaen et al., 2010) . This species rapidly expanded towards the end of the nineties and is currently widely distributed throughout the polders of Flanders. A simultaneous decrease of the indigenous brackish water gammarids occurred leading to a dominant position of this alien species within the amphipod community in most polder waters. Only at a few sampling locations, a temporary cooccurrence between G. tigrinus and one of the indigenous species was observed. Similar observations were made in the mid sixties in the Netherlands where G. tigrinus rapidly invaded all oligohaline waters and replaced the indigenous species that formerly inhabited these waters (Pinkster and Stock, 1967; Pinkster et al., 1992) . More recently, G. tigrinus has invaded the Baltic Sea, causing changes in the native fauna composition and consequently altering species composition and interspecific interactions within these communities (Szaniawska et al., 2003; Daunys and Zettler, 2006; Grabowski et al., 2006; Packalén et al., 2008) . The impact of G. tigrinus on local communities is not at all a unique phenomenon: also several other alien gammarids impacted local communities (Jazdzewski et al., 2004; Josens et al., 2005) .
Gammarus tigrinus is a euryhaline species that shows a wide tolerance towards salinity. Under laboratory conditions, the species can survive in waters varying in salinity from fresh (180 mg Cl 2 l 21 ) to brackish (7100 mg Cl 2 l 21 ) (Pinkster, 1975; Pinkster et al., 1977; Savage, 1982) . This is comparable to our results, although the minimum and maximum values for salinity were lower: 28 mg Cl 2 l 21 and 5860 mg Cl 2 l 21 , respectively. On the other hand, the presence of both indigenous species is restricted to more saline waters and both are less tolerant towards freshwater conditions. Based on our results, a possible reason why G. tigrinus became so successful in these polders is due to a decrease in salinity. These new environmental conditions probably facilitated the spread of G. tigrinus. Normant et al. (2007) found that although G. tigrinus exhibits a wide tolerance towards salinity, the energy maintenance was highest in fresh and oligohaline water. In addition, Wijnhoven et al. (2003) found a high resistance of G. tigrinus for increased temperatures and pollution compared to other gammarids. However, our results also indicated that a decrease of nutrients favored the prevalence of this alien species. We think that favorable environmental conditions can contribute to the establishment success of an alien species, which was also indicated by Jazdzewski et al. (2004) .
To maintain itself in a certain habitat, a population not only has to survive but also has to reproduce. Pinkster (1975) found that G. tigrinus reproduced under laboratory conditions throughout the year except when temperatures were below 5uC and/or salinities were below 180 mg Cl 2 l 21 . It seemed that also the length of the reproductive period was influenced by both salinity and temperature. In addition, Pinkster (1975) found that G. tigrinus had a reproductive peak during summer months when the water temperature was relatively high. The average incubation time of G. tigrinus was generally lower than that of the indigenous gammarids and was shortest in summer (Pinkster, 1975) . Another factor that is important for the success of an alien species is the time to reach sexual maturity. Females of G. tigrinus start to produce eggs at a total length of 4 mm. The time to reach this length depends on the temperature and reaches an optimum at a temperature of 20uC. Gammarus duebeni and G. zaddachi could reproduce throughout the year when salinities were Fig. 3 . A, prevalence of two indigenous (Gammarus duebeni and Gammarus zaddachi) and one alien (Gammarus tigrinus) gammarid; B, prevalence of two brackish water species (Palaemonetes varians and Neomysis integer) and one freshwater taxon (Asellidae).
high enough. However, when salinities became too low (, 400 mg Cl 2 l 21 ) these species could only reproduce during the unfavorable winter months and thus at lower water temperatures, resulting in a longer incubation time of the eggs and a lower reproductive output (Dennert et al., 1969; Pinkster et al., 1977) . This could possibly explain why G. duebeni and especially G. zaddachi were only found in polder waters with a high salinity. Gammarus duebeni is only able to withstand the competition by G. tigrinus in extremely variable habitats, where the water level and salinity fluctuate constantly (Pinkster et al., 1977) . Some other studies also indicate the importance of salinity on the reproduction and brood size of amphipods. A reduction in brood size with decreasing salinity was observed for Eulimnogammarus obtusatus (Dahl, 1938) under laboratory conditions (Pinkster and Broodbakker, 1980) and for wild populations of Corophium multisetosum Stock, 1952 (Cuhna et al., 2000 . Gammarus tigrinus can be seen as an opportunistic r-strategic species, that is able to increase its density over a short period, becoming the dominant species in the recipient community. The difference in time to reach sexual maturity, together with the short incubation time and the favorable reproductive period possibly contributed to the success of G. tigrinus in its competition with the indigenous species. Besides the aforementioned characteristics, another element that could have played a role in the success of G. tigrinus is its predatory behavior (Dick, 1996; Dick and Platvoet, 1996; Bailey et al., 2006) . Gammaridae used to be classified as shredders or gatherers/collectors (Cummins and Klug, 1979) . However, intraguild predation is more common than previously thought and may be a powerful force in determining species replacements and community shifts (Polis et al., 1989) .
Although the chemical water quality of the studied polder waters improved, the prevalence of Crustacea indigenous to the polders declined. Besides the decrease in prevalence of G. duebeni and G. zaddachi, also a decrease in the prevalence of N. integer and P. varians was observed. However, it is unlikely that the expansion of the alien G. tigrinus caused the decline of all these species. It is more probable that the decrease in salinity caused the decline of the indigenous brackish water species and the increased prevalence of freshwater species such as Asellidae and the alien G. tigrinus.
In conclusion, G. tigrinus invaded the polder waters during the nineties and is now widely distributed in them. It was thought that the invasion by G. tigrinus could have played an important role in the decreased prevalence of indigenous gammarids. However, the indigenous and alien gammarids clearly show different preferences with regard to environmental conditions. In addition, not only for the two indigenous gammarids, G. zaddachi and G. duebeni, but also for other brackish water species indigenous to the polders a decline was observed, which indicates that the decreasing salinity probably was the main cause of their reduction. Table 1 ) with indication of two clusters: the circle comprises the freshwater taxa, whereas the rectangle comprises the brackish water taxa.
